ABSTRACT: Larval and early post-larval growth has been investigated in Hyas araneus L. (Majidae) reared in the laboratory. Growth was measured as dry weight (DW), ash-free dry weight (AFDW), carbon (C), nitrogen (N), hydrogen (H), gross biochemical constituents (protein, lipid, carbohydrate, chitin, ash) and energy (calculated separately from carbon and biochemical composition). During larval development, i. e. from freshly hatched zoea-1 to late megalopa, all these cr~teria of b~omass increase by factors ranging between 5 and 14; carbohydrate shows the lowest, chitin the highest Increment. There are indications of loss in organic body weight during the latest period preceding metamorphosis to the crab stage. When no food is offered during this time, megalopae lose significantly more biomass than control larvae. This suggests that food is still required, but feeding activity is reduced to a level below maintenance ingestion rate. Follow~ng metamorphosis, the juvenile crab accumulates biomass at a far higher absolute rate (expressed as pg d-') than all larval stages. This alteration in growth pattern is attributed to lack of further morphological changes. Among the biochemical constituents, protein is most prominent (50 to 68 % AFDW), followed by lipid (I? to 30 %) and chitin (7 to 17 76). Carbohydrates play a minor role contributing only 1 6 to 3.7 % of AFDW. The percentage of protein increases during zoeal development; later it decreases. This pattern is inversely related to changes in ash content, which ranges from 19 to 30 % DW. Lipid (% AFDW) shows a decreasing tendency during larval development. Separate calculations of energy content from C and from biochemical composition yield systematic differences, the former usually being lower than the latter. Only in late megalopae is this pattern Inverted, presumably due to inorganic C in the increasingly calcified cuticle of this stage. Non-linear regression equations are given for conversions of C to protein, lipid, and carbohydrate, N to protein, and H to lipid. The relationship between N and protein suggests that non-protein, non-chitin N may also be important, and calculation of protein by multiplication of total N X 6.25 results in an overestimation of protein.
INTRODUCTION
Growth patterns and changes in the elemental and biochemical composition of crab larvae developing under controlled conditions are little known. In their 1970 review. Yamaoka and Scheer stated: 'Though little is known about adult growth, even less is known about the chemistry of the growth and development of crustacean larvae.' Since suitable rearing techniques have become available, an increasing number of papers has been published in the last few years dealing with larval biochemistry and energetics (for recent reviews see Anger and Dawirs, 1982; Dawirs, in press) .
Also comparative data on biomass of crustaceans isolated from plankton samples have increased (e.g. Raymont et al., 1967 and earlier papers cited therein; Omori, 1969; Childress and Nygaard, 1974; Ikeda, 1974; Mayzaud and Martin, 1975; Youngbluth, 1982) . These studies have the disadvantage that the origin, the previous history, and sometimes even the identity of the material analysed is unknown. Such information is necessary, however, because it is uncertain as to what extent laboratory data may be extrapolated to field conditions. Larvae of the common spider crab Hyas araneus, occurring on both sides of the northern Atlantic Ocean, have recently become one of the standard subjects of experimental studies on various aspects of crustacean larval ecology and energetics (Christiansen, 197 1 ; Christiansen and Starmer, 1978; Anger and Nair, 1979; Dawirs, 1981, 1982; Kunisch, 1982) . The present paper presents data on larval and early postlarval biomass (dry weight, ash-free dry weight), elemental (carbon, nitrogen, hydrogen), and gross biochemical composition (protein, lipid, carbohydrate, chitin) as well as on caloric content in relat~on to the stage of development. Quantitative interrelationships between some of these measures of biomass are analysed to allow approximate conversions in future studies.
MATERIALS AND METHODS
Obtaining and handling of larvae Ovigerous females of Hyas araneus were dredged during the winter 1981/82 from ca. 30 to 50 m depth near Helgoland (German Bight, North Sea) and maintained in the laboratory at 2 'C. Larvae were collected later in a flow-through system at 6°C (for further details see Anger and Dawirs, 1981) , and then massreared at constant 12°C: by means of a wide-bore pipette, they were placed in culture bowls (diameter: 14 cm) with ca. 800 m1 of filtered sea water (stratified filter; pore size ca. 1 pm). Initial population density was 50 zoeae bowl-'. Dead larvae and faecal matter were removed daily. Sea water (filtered; ca. 32 %O S) and food (freshly hatched Artemia sp., San Francisco Bay Brand, and Brachionus plicatilis) were changed every second day.
When moults occurred, exuviae were removed, and freshly moulted individuals were transferred at daily intervals to new labelled bowls. In this way it was assured that the age at each particular developmental stage was known for all larvae.
Analyses were carried out: (1) within a few hours after hatching or moulting (later referred to as 0 d for a given stage); (2) shortly (ca. 1 d) before moulting to the following developmental stage (i. e. after 10 d for zoea-I, 12 d for zoea-11, and 21 d for megalopa and crab); (3) in megalopa and crab stages also at intermediate steps of development.
Dry weight and elemental analyses
Larvae were removed from defined cultures by means of wide-bore pipettes and transferred to filtered sea water. They were then briefly rinsed in water from an ion exchanger, blotted on filter paper (fluff-free), and freeze-dried over night in preweighed tin cartridges as described in more detail by Anger and Dawirs (1982) . After determination of larval dry weights on an Autobalance AD-2 (Perkin-Elmer), carbon (C), nitrogen (N), and hydrogen (H) were measured in a C-H-N analyzer (Model 1106, Carlo Erba Science). For each measurement of dry weight and elemental composition, 5 to 10 zoea-I, 3 to 5 zoea-11, 2 to 3 megalopae, or 1 juvenile crab, respectively, were used. Each determination consisted of 12 to 42 replicates. In this way, a total of 259 analyses were carried out comprising 136 zoea-I, 96 zoea-11, 271 megalopae, and 80 crabs, i. e. a total of 583 individuals. Due to technical failures of the analyzer, some data (in particular on nitrogen) were lost (Table 1) .
In 10-d old zoea-I larvae no nitrogen values were obtained. In this case 8.3 % of dry weight was assumed (taken from Anger and Dawirs, 1982) to complete figures for further comparisons.
Biochemical analyses
Material from identical cultures was rinsed, blotted, and freeze-dried as described above. Ash content was ascertained in the following way: in 5 to 15 zoeae, 2 to 6 megalopae, or 1 crab, respectively, dry weight was measured in preweighed silver cartridges. Then they were ashed in a muffle furnace at 500°C for 4 h, as recommended by Hirota and Szyper (1975) , cooled in a desiccator to room temperature, and weighed again. A total of 94 such determinations was carried out with 255 zoea-I, 78 zoea-11, 121 megalopae, and 31 crabs (total: 485 individuals) Ash-free dry weight and all further data related to it were calculated from percentage values of ash as obtained above, but applying absolute dry weights determined before elemental analyses. In this way all data on elemental and biochemical composition can be directly compared.
Determination of content of protein, total lipid and total carbohydrate was carried out as follows: at least 3 to 5 mg of freeze-dried animals were thoroughly homogenized in an agate mortar and suspended in 500 p1 of water by exposure to ultrasonics. This homogenate was fractionated as described by Holland and Hannant (1973) with the following modifications: all centrifugation steps were carried out at 800 g for 2 min; precipitate after lipid extraction was discarded; fractionation of lipids was not carried out; precipitated proteins were resolved at 52 "C.
Proteins were determined in accordance with Lowry et al. (1951) applying the following procedure: 200 p1 of protein sample were mixed with 2 m1 of reagent A [2 % Na2C0, in 0.1 N NaOH and 0.5 % CuSO, X 5 H,O in 1 % Na-citrate. 50:1]. After 10 min 2 m1 of reagent B [Folin-Ciocalteu's reagent (E. Merck, Darmstadt, FRG) in 1 : l dilution with distilled water] were added, the sample was thoroughly mixed and incubated for 1 h at 20°C. Then E,,, was measured versus a blank in a double beam spectrophotometer. Bovine serum albumin was used as a standard.
Total lipids were determined by the method of Marsh and Weinstein (1966) , applying the procedure described by Holland and Gabbot (1971) . Tripalmitin was used as a standard. The determination of total carbohydrates was carried out according to the method of Folin and Malmros (1929) , modified by Holland and Gabbot (1971) using glucose as a standard.
Determination of chitin was carried out with 3 to 5 mg of freeze-dried and thoroughly disrupted animals following the method of Raymont et al. (1964) .
Energy content was calculated in 2 ways: (1) from carbon (N-corrected conversion given by Salonen et al., 1976) ; (2) 
RESULTS

Accumulation of biomass during larval and early postlarval growth
All 3 larval stages (the non-feeding pre-zoea is not considered here) accumulate a high amount of biomass: from hatching to metamorphosis (i.e. late megalopa stage) dry weight (DW) is increased by a factor of 8.9 (i.e. a gain of 790 %), ash-free dry weight (AFDW) and carbon (C) by 8.7 each, nitrogen by 7.7, hydrogen and ash contents by 10.5 each (Tables 1 and  2 , Fig. 1 ). The biochemical constituents protein, lipid, carbohydrate, and chitin are increased during the same time by factors of 6.8, 5.3, 4.8, and 14.4, respectively.
Since biomass growth patterns within larval stages are non-linear (Anger and Dawirs, 1982;  cf. megalopa in Fig. l ), average figures of daily biomass accumulation rates obtained by linear interpolations can only be used as first approximations and for comparisons between different stages: the absolute rate of accumulation (pg d-l) was found to increase from the first to the second zoeal stage, then it decreased in the megalopa, and increased substantially again after metamorphosis (DW, AFDW, C, and N taken as examples in Fig. 2 ). When these accumulation rates are related to the initial weight in each stage, percent accumulation per day shows a conspicuous decrease throughout larval life, but again an increase in juvenile crabs (Fig. 2) . Growth patterns in the zoeal stages of Hyas araneus have been documented in detail by Anger and Dawirs (1982) ; their data of elemental composition compare favourably with those of the present study. In megalopae, likewise a decreasing biomass during the last period preceding metamorphosis was found. This was most pronounced in protein (Fig. 1) . Anger and Dawirs (1982) suggested that the megalopa possibly does not take up food during this period. The following experiment was conducted to test this hypothesis:
Parallel to the megalopae treated as described above, 120 individuals in the same stage were fed normally for 14 d. Thereafter, they were starved for 7 d, 90 of them kept individually in vials (methods: Anger and Dawirs, 1981) , 30 maintained communally in a bowl, such as fed larvae, to check for possible cannibalism.
Surprisingly, in the latter group no cannibalism occurred. A single individual died, but was not eaten. DW, C, N and H were almost identical in both groups (Table 1) . Biochemical composition and ash content were determined only in the group starved individually; however, according to all other measures of biomass there was probably no difference either between the two groups. These findings support the above hypothesis.
When biomass values of these temporarily starved megalopae are compared, however, with those found in 21-d old individuals fed continuously, there are highly significant differences (in all cases p < 0.001) in DW, AFDW, C, N, and H. Also in biochemical constituents marked decreases were found in starved larvae ( Abbreviations as in Fig. 1 chitin. In contrast to these losses, ash content increased by 9 pg (6 %). Although the exact amount of these differences must remain uncertain because of generally very high variation in biomass of the megalopa stage, their consistency, in accordance with the above findings in elemental composition, strongly suggests that the megalopa stage normally does take up food even after Day 14. Thus, the significance of decreasing biomass in fed megalopae approaching metamorphosis remains unclear.
Accumulation of energy
Since caloric values were estimated from both elemental and biochemical composition, patterns of absolute energy accumulation were similar to biomass growth ( Fig. 3; cf. Fig. 1 ). Caloric equivalents calculated from (1) carbon and (2) all biochemical compounds measured, however, show striking differences: the former values are always conspicuously higher than the latter, when zoeae or freshly moulted later stages are considered. In older megalopae the opposite is found (Fig. 3) . From these findings 2 conclusions are suggested: (1) the regression equation by Salonen et al. (1976) underestimates actual caloric contents in zoeae and in freshly moulted later stages of Hyas araneus; (2) in megalopae having a hardened exoskeleton, there must be considerable amounts of inorganic carbon leading to an overestimation of energetic values.
Since chitin is a substance practically indigestible by predatory zooplankton and fish, energy equivalents disregarding it were also calculated from biochemical composition (Fig. 3) . The values range from ca. 22 to 25 Jmg-' AFDW (17 to 18 Jmg-' DW) in zoeal stages, and from ca. 17 to 20 Jmg-' AFDW (12 to 16 Jmg-' DW) in megalopae and juvenile crabs.
Megalopae starved from Day 14 to Day 21 had significantly lower energetic values than individuals fed continuously. Depending on the way of estimating caloric contents, ca. 20 to 30 % of energy per individual was lost during the period of food deprivation.
Changes in chemical composition during larval and early postlarval growth
Elemental composition of larval and early juvenile Hyas araneus was fairly constant (Fig. 4) . Regular changes can be seen in carbon and hydrogen: their relative amounts (% AFDW) decreased during each moult, thereafter increasing again. During development there is a slight increasing tendency. Changes in nitrogen appear regular. The C:N ratio was found to increase within each stage, and during each moult it decreased again (Table 1 ). In the C:H ratio no clear trends could be observed in the course of development.
Ash content showed a continuously decreasing trend throughout zoeal development with a minimum of 18.7 % in the late zoea-I1 stage (Fig. 5 ). In the megalopa there is obviously already considerable calcification of the cuticle: the proportion of ash was ca. 28 to 30 % DW. In freshly metamorphosed crabs it was only 16 to 27 % (mean value: 23.1). This wide range apparently was caused by very rapid calcification of the juvenile cuticle taking place within less than 1 d. Older crabs had ash contents of ca. 50 % DW (Table 1) .
Protein was the main biochemical component in all larvae and juveniles analysed. Its share of biomass increased during zoeal development from ca. 59 to 68 % AFDW, then decreased to 53 to 56 % in the megalopa, and to 50 % in the freshly metamorphosed crab (Fig. 5) .
Lipid content ranged from ca. 33 to 50 % the protein level. It showed a clear cyclical pattern with decreases during each stage and increases after each moult (Fig.  5) . In the course of development there was a conspicu- ously decreasing tendency with a maximum value of was reinforced considerably, but most of it was later 30% AFDW in the freshly hatched zoea-I and a cast as exuvia. The share of biomass ranged between minimum of ca. 17 % in the megalopa.
ca. 7 and 17 % AFDW.
Chitin also showed cyclical variations; these are Carbohydrate content varied between only 1.6 and more easily recognizable in absolute (Fig. 1) than in 3.7 % AFDW. During larval development relative valrelative values (Fig. 5) : During each stage the cuticle ues showed a decreasing tendency.
Interrelation between elemental and biochemical constituents
Known statistical interrelations between single chemical components can be used to predict unknown amounts from measured ones. Various authors (e.g. Raymont et al., 1964; Pandian and Schumann, 1967; Champalbert and Kerambrun, 1978) calculated protein content from total nitrogen, multiplying its amount by 6.25. This conversion is based on 2 assumptions: (1) nitrogen always accounts to ca. 16 % of protein weight, regardless of specific amino acid composition; (2) nonprotein nitrogen (from free amino acids, nucleic acids, excretory substances, etc.) does not play a conspicuous role. Fig. 6 shows that all protein values measured directly were below the theoretical level (6.25 times nitrogen). This indicates that non-protein N occurs in considerable amounts throughout larval development of Hyas araneus. When chitin-N (6 % of chitin) is subtracted from total nitrogen figures, protein is still consistently much below the above theoretical line. Thus, chitin contributes only little to the total amount of nonprotein nitrogen. Fit of observed data of protein and those predicted from nitrogen was best when using a non-linear model. Regression curves and equations are given in Fig. 6 .
Prediction of protein from carbon yields again a good fit (r = 0.982; Fig. 6 ). Lipid can be calculated from both carbon and hydrogen values (Fig. 7) . The amount of carbohydrate was always so low that measurements were relatively inaccurate, showing high variation. Consequently, predictions of carbohydrate from carbon are less satisfactory (r = 0.874; Fig. 7 ).
DISCUSSION
During larval development of Hyas araneus there is a multiplication of biomass and of all its constituents. Relative gain (expressed as % initial weight), decreased from zoea-I to megalopa. This is in contrast to other decapod species: in the anomuran Pagurus bernhardus the megalopa stage does not take up food and thus loses biomass instead of gaining weight (Dawirs, 1980 (Dawirs, , 1981 . In the portunid crab Carcinus maenas, this stage gains nearly twice the amount accumulated in all 4 zoeal stages combined (Dawirs, 1980) .
The growth pattern in megalopae of Hyas araneus remains unclear to some degree: in accordance with Anger and Dawirs (1982) our data suggest that there is a loss of biomass during the latest phase of this instar. In contrast to Pagurus bernhardus and other hermit crab species (for discussion see Dawirs, 1981) , food is regularly taken up also during the period preceding metamorphosis. Ingestion rate, however, apparently does not meet actual metabolic needs, so that losses result in organic body compounds. Reduced feeding activity is suggested also by lack of cannibalism and by almost 100 % sunrival during food deprivation in late megalopae. I  I  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I~~~  I Hydrogen ( p g ) Carbon ( p g ) Fig. 7 . Hyas araneus. Interrelations between hydrogen (H) and lipid (left), between carbon (C) and lipid, and between C and carbohydrate (right) in larvae and freshly metamorphosed crabs. X C. H; y lipid, carbohydrate; r, df as in Fig. 6 Very steep increase in biomass during the first crab stage indicated that growth pattern changes considerably after metamorphosis. This may be attributed to the fact that during juvenile growth there is almost no further morphological development; the latter was strong in the preceding larval stages. Thus, there must be a shift in partitioning of assimilated matter and energy toward mere body growth in juvenile crabs.
Since energy equivalents were calculated from chemical composition, they follow the growth patterns discussed above. Their order of magnitude compares favourably with most figures given in the literature for aquatic crustaceans, estimated in different ways (e.g. Pandian and Schumann, 1967; Cummins and Wuycheck, 1971; Childress and Nygaard, 1974; Mootz and Epifanio, 1974; Lemcke and Lampert, 1975; Griffith, 1977; Logan and Epifanio, 1978; Levine and Sulkin, 1979; Stephenson and Knight, 1980; Dawirs, 1980 Dawirs, , 1981 Youngbluth, 1982) . There are, however, systematic differences between values calculated from carbon and those obtained from biochemical composition of practically identical material. Direct calorimetry would probably yield somewhat different data again. For more accurate estimates of caloric contents, first of all the ecological or physiological problem in mind has to be defined clearly. There are, for example, different factors converting biochemical compounds to energy (for discussion see Childress and Nygaard, 1974) . Furthermore, intercalibration of different methods is probably neccessary, at least for every major taxon. In Hyas araneus as in other crustaceans, the amount of inorganic carbon must also be determined to avoid overestimation of energy, when the conversion by Salonen et al. (1976) is applied. Even when methods of direct calorimetry are used the ecological or physiological significance of the chemical energy measured must be taken into consideration for further interpretation.
In Hyas araneus larvae and juveniles, protein was the most prominent constituent. This was already suggested by Anger and Nair (1979) , and reported from some other decapod larvae (Pandian and Schumann, 1967; Capuzzo and Lancaster, 1979) and adult pelagic marine crustaceans (e. g. Raymont et al., 1964 Raymont et al., , 1967 Childress and Nygaard, 1974; Clarke, 1980) . Unfortunately, there is almost no information on changes in biochemical composition during larval development of decapod crustaceans. Hence hardly any comparison is possible on the basis of present knowledge: Capuzzo and Lancaster (1979) found almost constant values throughout larval development of lobster Hornarus americanus, with protein slightly declining from as much as 84 to 81 %, and chitin increasing from 10 to 16 % AFDW. Lipid was much less important in this case (only 4 to 7 % AFDW), with a slightly decreasing tendency toward metamorphosis. In larvae of Rhithropanopeus harrisii, Frank et al. (1975) surprisingly found more lipid than protein (values given in % fresh weight unfortunately), where both components increased from zoea-I to megalopa. In H. araneus, percentage of protein increased during zoeal development, but decreased in the megalopa, whereas lipid showed a decreasing tendency from hatching to metamorphosis. The only consistent result in the few investigations published so far, is that carbohydrate plays a minor role in pelagic marine crustaceans (e.g. Raymont et al., 1964 Raymont et al., , 1967 Anger and Nair, 1979; Capuzzo and Lancaster, 1979; Clarke, 1980) .
Elemental composition (C, N, H) of larval Hyas araneus is similar to that of most other pelagic crustaceans investigated (e.g. Childress and Nygaard, 1974; Ikeda, 1974; Omorl, 1979; Dawirs, 1980 Dawirs, , 1981 . Predictions of biochemical data from elemental data appear rather reliable, as long as they are restricted to the species investigated (Figs. 6 and 7) . Conversion of nitrogen to protein by multiplication with 6.25 results generally in an overestimation of protein. This is supported by almost identical findings by Childress and Nygaard (1974; see their Fig. 5 ) and by data given by Mayzaud and Martin (1975) . The amount of overestimation, however, might be smaller than suggested by Fig. 6 , since some losses of proteins may occur during the analytical procedure. Future investigations will have to determine the extent to which our conversions to biochemical constituents can be generalized. So far, they must be considered appropriate for rough estimates in H. araneus and possibly other brachyuran larvae. They are a preliminary basis for future comparative studies on decapod larval energetics.
